Riparian Ecol. Conserv. 2015; 2: 72-82 structure was predominantly generalist taxa including chironomids, sphaeriid bivalves and asellid isopods. Analyses of variance demonstrated significant increases in bivalve abundance and decreases in the abundance of malacostracan and shredding taxa at most of the sampling sites downstream of BMP-implemented harvest locations in the spring. Additionally, significant increases in bivalves were also found at two sites during late summer. Our results suggest that timber harvesting activities, regardless of BMP implementation, had limited shortterm impacts on resident macroinvertebrates in these lowgradient, subtropical streams. Continued monitoring at the study sites will allow us to better understand the longterm effects of timber harvesting in these stream systems, particularly the resilience of stream biota to harvestingrelated stream conditions. Keywords: BMPs, Benthic macroinvertebrates, Lowgradient streams, Louisiana
has dipped from 96% in 2002, to 74% in 2009, according to two surveys conducted by the Louisiana Department of Agriculture and Forestry [13, 14] . Recommended BMPs include management of streamside management zones (SMZs) to help protect water quality and reduce nonpoint source pollution during and after forestry operations. Louisiana BMPs are devised to educate forest landowners and operators to help reduce forest soil movement towards waters of the state [15] , minimize environmental impacts, and maintain water quality. Forestry BMPs include preharvest planning, site preparation, road building, felling, skidding, chemical applications, minimization of stream crossings, and fire management. BMPs encompass SMZs or buffer zones in riparian areas to ensure bank stabilization, allow vegetative filtration of sediment and fine organic matter, and protect streams from changes in thermal regimes. These SMZs vary in width and are dependent on size and intermittent nature of the stream. BMPs also include timing of activities to consider soil moisture conditions, and avoiding activities during highprecipitation periods.
Headwater stream systems can be ephemeral, perennial, or intermittent, and their identification can vary depending on the resolution of source maps. Consequently, the identification of headwater streams can present a management dilemma, because riparian zones and delineated SMZs, which can be subject to harvest restrictions, can ultimately cover more than 60% of the watershed [16] . Headwater streams are the sources for larger, more anthropogenically-important downstream reaches, and can strongly influence the biological, physical, and chemical characteristics in higher-order streams. During episodic rain events, low-gradient headwater streams carry enormous loads of organic material that often serves as the most important energy source for invertebrate production [17, 18] .
In the past two decades, characterization of the structure of stream biotic communities such as benthic macroinvertebrates has become an essential tool for state water quality assessment programs in the U.S. Macroinvertebrate communities can reflect the overall condition or health of a stream [19] because some portion of the life cycle of all taxa are closely linked to biotic and abiotic stream characteristics. Contrary to physicochemical parameters that are often collected at specific points in time, biological indicators of water quality may reflect more of a longer-term, integrated response to conditions, including evidence of prior conditions and state of trophic relationships, in these dynamic ecosystems [20] . For example, macroinvertebrates have been found to be sensitive to changes in temperature [21] and light levels [22] , as well as anthropogenic changes in sediment [23] and organic inputs from domesticated livestock operations [24] .
There are few studies regarding macroinvertebrates and forested headwater streams, especially low-gradient, low-flow, high-organic content streams of Louisiana. Although Sloey [25] reported changes in macroinvertebrate community structure after various successive years of forest harvesting in the Kisatchie National Forest, Carroll et al. [26] found no differences in pre-to post-harvest macroinvertebrate abundance in samples collected from control and SMZ-treated streams in Mississippi. Similarly, Kaller and Kelso [27, 28] showed that such disparate factors as riparian zone alterations and feral swine activities could alter benthic macroinvertebrate communities, whereas Williams et al. [29] showed no negative effects on stream biota related to military training activities, including partial timber harvest and road building.
In 2005 a multi-disciplinary project was initiated in a low-gradient watershed in north-central Louisiana to monitor hydrology, water quality, and stream benthic macroinvertebrates at the watershed scale, with particular focus on the headwater streams and temporal differences among headwaters and main-stem reaches. The Flat Creek watershed has been intensively managed for timber harvesting operations since the 1970's. This study focuses on benthos ecology in low gradient headwater streams characteristic of this region, specifically the responses of the benthic macroinvertebrate community to timber harvest.
Currently, Louisiana does not have a biological index system for its surface water quality assessment program, and data continues to be collected to determine how stream biota respond to changes in stream conditions, and whether these responses can be used to assess stream health. Our study was designed to further enhance our understanding of stream-biota relationships by investigating the structure of the benthic macroinvertebrate community in a low-gradient forested headwater stream, its response to timber harvesting activities, and whether significant changes in community composition are related to BMP implementation. 
Methods

Site description
Study design
Three forest stands near streams in the Flat Creek Watershed were clearcut during September and November 2007. Before harvesting two stream monitoring stations were established for each of these three locations, one upstream (UP) and one downstream (DN) of the harvested site ( Figure 1 ). In addition, a control monitoring station was established in the adjacent Spring Creek with no harvesting treatment (Figure 1 ).The monitoring sites were designed to use a paired approach to determine impacts of harvesting at the plot scale by comparing BMP implemented and non-implemented sites, upstream and downstream of harvest sites, and harvested sites with a For each sample, the top 2.5 cm of substrate was removed and placed into a 2-L jar, and the water column within the core was swept for one minute with an aquarium net to capture suspended organisms [34] .
To determine the location of sampling points, we generated eight random stream reach length measurements between 8 and 150 m beginning from a determined start point at each site. Cross-sectional sampling points were then chosen at random distances perpendicular from a randomly chosen streamside. The core samples at the randomly selected sites along these reaches were collected in April and August 2006, August 2007, May and August 2008, and April and August 2009. Spring collections included all eight random reach samples; however, some late summer sample reaches were dry and samples were not collected. Spring and late summer samples were analyzed separately, as macroinvertebrate communities in Louisiana streams show significant seasonal changes in species composition [35] , and we did not want seasonal turnover to confound the detection of differences among our planned comparisons. A total of 333 samples were collected, preserved in 95% ethanol, filtered through a 500-µm sieve, and treated with Rose Bengal stain to aid in sorting.
Although present in most of the samples, arachnids, oligocheates, cladocerans, copepods, hemipterans, homopterans and ostracods were not included in these analyses due to either fragility or possible association away from benthic material. Organisms were identified to the lowest practical taxonomic level, usually family or genus, and were grouped taxonomically and by functional feeding group [(FFG) i.e., shredders and scrapers] according to identification guides and keys [33, 36, 37] . A common diversity index, Shannon-Weiner's index of diversity, was used and calculated as:
where pi is the proportion of individuals found in the ith species and ln is natural logarithm.
Additionally, evenness for Shannon's index was used and calculated as:
Scores range from 0 to 1, where a value of 1 would mean all species are equally abundant.
Statistical analysis
Prior to analyses, we selected a limited number of descriptive community metrics for analyses to determine density changes at sites downstream from timber harvesting, which are shown with expected results in Table 2 . These metrics were selected because other macroinvertebrate studies in southeastern US streams have found relationships between these metrics and stream health [24, 38, 39] . Data analyses were performed with a generalized linear mixed model framework (GLMMs, PROC GLIMMIX, SAS version 9.1.3 June 2006 release version) separately for spring and late summer. All GLMMs shared a common systematic structure with the treatments (BMP implementation, upstream and downstream of harvest, and harvest compared with control) as fixed effects with a priori comparisons and natural sources of variation (e.g., sampling site and sampling year) as random covariables. The best fitting combination of link transformation (such that the mean predicted value was linearly related to the linear combination of explanatory variables) and probability distribution was determined by goodness-of-fit (estimates closest to 1. For these GLMMs, all taxa were converted to individuals per m 2 . If all eight random samples were collected, they were multiplied by a surface area conversion factor of 23.64066. Otherwise, in the event that less than eight samples were collected due to dry conditions, estimates were adjusted by a higher numerical conversion factor depending on sample size per sampling event to ensure samples were weighted evenly. All density conversions were used with negative binomial distributions with a log link to compensate for overdispersion in the data.
We tested for differences between the control and treatment sites, as well as before and after timber harvesting. Additionally, because the sites were designed for specific comparisons, a priori contrasts were performed before and after harvesting, and between harvested and unharvested areas at the plot level (Table 3) . Furthermore, sites were divided into upstream and downstream sites with regard to timber harvest activity so show cumulative effects. In late summer, the No BMP sites were not included in the analyses because they were entirely dry in three of the four sampling events.
Results
Spring sampling
A total of 48461 benthic macroinvertebrates were collected during the seven sampling events, which represented 29 Orders and 66 Families. Total abundance per m 2 varied between 3504 and 39963 in the spring sample sets (mean = 15378, standard error = 2,002). Taxa richness at the family level remained similar (mean =17.14, standard error = 1.17) for all three sampling events, and ranged from 9 to 26. Shannon-Wiener diversity ranged 0.64 to 2.07 in the spring samples (mean = 1.53, standard error = 0.07), and Shannon evenness for all sites varied between 0.28 and 0.69 (mean = 0.55, standard error = 0.02). The percent dominant families in pre-harvest samples were mostly dipterans (Chironomidae and Ceratopogonidae), although asellid isopods (FFG shredders) were dominant in two of the seven sampled sites (BMP-2-UP, and BMP-2-DN) ( Table  4) . Bivalves (97.53% Sphaeriidae) were dominant in the Big Creek (no BMP) samples in the immediate post-harvest samples of 2008, although culicids dominated preharvest samples. In 2009, spring samples were exclusively dominated by Chironomidae. Table 4 : Dominant Families a in the Flat Creek watershed sampling events followed by (%) of total taxa collected. CH = Chironomidae (Diptera), CE = Ceratopogonidae (Diptera), CU = Culicidae (Diptera), SP = Sphaeriidae (Pelecypoda), AS = Asellidae (Isopoda), and NA = Not applicable. Bivalve densities increased significantly at BMP-1-DN, BMP-2-UP, and No BMP-DN after timber harvest in the spring samples (Figure 2) (Table 5 ). Scraper densities increased significantly at BMP-2-UP (Figure 3 ). Amphipod densities were significantly lower after timber harvest at BMP-1-DN, as well as all of the downstream sites collectively. Additionally, at sites downstream of BMP implementation (BMP-1-DN, BMP-2-UP, and BMP-2-DN), shredder ( Figure 4 ) and malacostracan ( Figure 5 ) densities decreased significantly. Ephemeroptera, Trichoptera, and Plecoptera (EPT) taxa (0.9% of total collected macroinvertebrates) were mostly uncommon, but were abundant (up to 13.7%) at the control site before harvest during spring. EPT densities decreased at the control site in 2008 after timber harvest from 151 to 38 per m 2 , as well as the plot control sites of BMP-1-UP, and BMP-2-UP (both 12 to 0 per m 2 ), and at BMP-2-DN (9 to 0 per m 2 ). EPT density increased twofold at the control site in 2009 as compared 
Sites
Summer sampling
Total abundance varied between 3033 and 153286 per m² for the late summer samples (mean = 41605, standard error = 7410). Taxa richness (family level) varied between 11 and 28 (mean = 17.77, standard error = 0.92), and Shannon-Wiener diversity ranged from 0.48 to 1.87 (mean = 1.04, standard error = 0.07). Shannon evenness for all sites varied between 0.15 and 0.66 (mean = 0.37, standard error = 0.03). Total percent dominant taxa were overwhelmingly dipterans, as 22 of 23 site totals were dominated by Chironomidae, with one site dominated by Ceratopogonidae (Table 4) . Additionally, bivalve densities differed significantly at BMP-2-UP and BMP-2-DN with respect to pre-harvest and post-harvest abundances ( Figure 6 ) ( 
Results summary
In summary, 2 out of 13 metrics (bivalve and scrapers), which represented 7.0% of collected macroinvertebrates, increased in association with timber harvesting activities. Conversely, 3 of 13 metrics (amphipod, shredder and malocostracan), which represented 13.6% of collected macroinvertebrates, decreased in association with the timber harvest. More importantly, 8 metrics, which represented up to 83.3% (Table 5 ) of macroinvertebrates collected during the study, demonstrated no statistically detectable relationships with timber harvesting or BMP implementation.
Discussion
Differences observed in the abundance of taxonomic and functional feeding groups during our study suggest that few members of the benthic macroinvertebrate community assemblages in the Flat Creek Watershed changed in response to timber harvesting activities. We observed decreases in proportions of amphipods and malacostracans in the post-harvest, which is in contrast to results reported from a similar study in New Zealand [40] . In contrast to Stone and Wallace [41] and Haggerty et al. [22] , who documented increases in shredders and decreases or non-responses of scrapers to logging, we also observed increases in the proportion of bivalves and scrapers in post-harvest samples. However, many more organisms appeared to be unaffected by timber harvesting based on our predicted responses from the literature [24, 38, 39, 44] . Consequently, it appears from our study that incorporation of BMPs in forestry operations in lowgradient coastal-plain streams is effective in minimizing significant negative impacts for most members of the benthic macroinvertebrate community. The increases in the densities of bivalves immediately downstream of 2 of the 3 plots suggests timber harvesting activities improved bivalve habitat quality, as before harvest comparisons showed no significant differences. Additionally, late summer samples at the No BMP sites showed supporting evidence for bivalve enhancement, but we were unable to statistically examine these data because pre-harvest data were not obtained ( Figure 6 ). In a recent study in New Zealand, Thompson et al. [40] also found a sphaeriid bivalve to increase in total biomass from preharvest to post-harvest consistently in their study streams. Scraper taxa in our study, which were largely gastropods (Ancylidae, Planorbidae, Viviparidae, and Physidae), also increased in relative abundance downstream of the BMP-1 implemented harvest area. However, gastropod densities did not statistically differ, suggesting other members (Scirtidae, Caenidae) of this FFG had increased as well. Scraper increases have been widely recognized as a common macroinvertebrate response to timber harvest [43] [44] [45] [46] . This is likely due to stimulated periphyton growth resulting from a reduction in canopy cover. Kaller and Kelso [28] found that scraper gastropods, but not most bivalves, were positively correlated with feral hog streamside rooting and wallowing in a Louisiana coastal plain stream. Feral hogs are present in the Flat Creek watershed and may have been attracted to the open spaces created by timber harvesting [47] . We did not measure sediment deposition, but this harvesting-related impact has been shown to be tolerated by sphaeriid bivalves [37] .
Scrapers increased at one of the four sites downstream from a harvested stand. Caenid and heptageniid mayflies were included in the scraper FFG [37, 48] , however, EPT densities exhibited a non-significant trend of post-harvest decline in the spring sampling events, suggesting the scraper community and EPTs did not share common responses to timber harvesting. Consequently, it appears that taxa making up the majority of the scraper communities took advantage of post-harvest conditions. Decreases in EPT taxa abundance were evident at the control site in the absence of timber harvesting, which likely contributed to the lack of significance in EPT abundance at harvested sites. Although EPT abundances are generally low in low-gradient streams of coastal plains [24, 25, 27, 29, 34, 49] , their relative abundance has been shown to be a reliable indicator of disturbance in the southeastern United States [50] . The lack of substantial declines in the densities of EPT taxa post-harvest suggests that BMP implementation minimized habitat impacts for these organisms.
Shredders have been documented to decrease in abundance following perturbations such as timber harvest [41, 51] or decreased input of particulate organic matter [52] , which was supported by our observations at sites below the BMP-implemented harvests. In this study, shredders were mostly made up of asellid isopods (72.9%), amphipods and crayfish, all malacostracans, which suggests a common response to harvesting within this phylogenic group. Similarly, Davis et al. [24] noted that reference sites in low-gradient intermittent streams in the Middle Atlantic Coastal Plain had significantly higher crustacean and isopod densities compared to impacted streams. In contrast, however, Haggerty et al. [22] found densities of shredders increased in clearcut and buffered streams of coastal Washington relative to uncut references. Differences among these studies could be related to the timing of invertebrate collections (i.e., high inputs of organic matter soon after cutting, with reduced inputs during subsequent years), the taxonomic composition of the invertebrate community, and the nature of particulate organic matter inputs in these systems. [53] [54] [55] , and our results suggest that bivalves may benefit in some, as yet undetermined, manner from timber harvesting in these stream systems.
We were unable to examine immediate benthic macroinvertebrate community responses to timber harvesting because sites without BMP implementation could not be sampled in late summer pre-harvest and immediate post-harvest periods. Additionally, the extreme characteristic variability of macroinvertebrate relative abundance in pre-harvest samples hindered statistical assessment of community responses, especially for assessing reference stream community composition. Some of this variability was likely due to significant differences in environmental conditions during the study. For example, total rainfall for 2007 (893 mm) was much lower than the long-term average (1508 mm), which may have played a role in harvest-related changes in macroinvertebrate abundances, such as EPT taxa [56] as well as other macroinvertebrates [57] . Recruitment failure associated with lack of sufficient flow during this unusually dry period may have been a significant factor affecting the densities of many macroinvertebrate taxa we collected [58] .
Conclusions
This study investigated stream benthic macroinvertebrates in a low-gradient, subtropical watershed before and after a timber harvesting operation over a period of four years. BMP effectiveness in forestry operations appears to minimize significant density effects for most members of the benthic macroinvertebrate communities. Our study showed that only few groups (less than 14% of total abundance) of taxa or FFG had negative associations with intensive silviculture activities. In headwater streams of the SCPE, we suggest that, relative to natural stream impacts resulting from seasonal low flows and associated changes in water quality and stream-riparian zone relationships, stream perturbations related to forestry operations may be relatively unimportant regarding macroinvertebrate community composition and dynamics. Further, adaptations to these environmentally-dynamic stream systems may have already selected for more resilient taxa that may be better able to adapt to short-term changes in riparian and upland forest cover than organisms in more temperate systems. Generalist dipteran taxa, including Chironomidae and Ceratopogonidae, appear to be the dominant group of benthic macroinvertebrates in our study area. Unlike other parts of the U.S., EPT taxa (0.87% of collected macroinvertebrates) are not abundant in these streams, and they were not useful indicators of harvestrelated changes in stream health due to high variation in densities among and within control and treatment sites. Decreases in shredders, including Isopoda, Amphipoda, and Decapoda taxa, and malacostracans, (which overlapped in taxonomic composition with shredders), as well as increases in scrapers, (which were primarily Gastropoda and Ephemeroptera taxa), and bivalve densities may provide insight to effectively managing timber stands in low-gradient watersheds typical of Louisiana. However, most benthic macroinvertebrate taxa, including dipterans, coleopterans, gastropods, as wells as other predators and piercers exhibited no discernable pre-harvest to post-harvest changes in abundance, and there were no significant differences in taxa richness, diversity, or evenness related to harvesting activities. Discerning the differences in macroinvertebrate responses to natural environmental variation and timber harvesting activities is problematic at best, and is further hindered when study streams can be seasonally (and stochastically) intermittent. Our results do suggest, however, that forest management activities, regardless of BMP implementation, had limited short-term impacts on resident macroinvertebrates in these low-gradient, subtropical streams. Continued monitoring at the study sites will allow us to better understand the long-term effects of timber harvesting in these stream systems, particularly the resilience of stream biota to harvestingrelated stream conditions.
